ABSTRACT. Increasing evidence suggests that the insulin-like androgenic gland hormone (IAG) gene plays an important role in male sexual differentiation, metabolism, and growth in crustaceans. In the present study, we isolated the full-length genome sequence of IAG by genome walking based on the cDNA sequence in Macrobrachium nipponense. Four novel single nucleotide polymorphisms (SNPs) were studied, including 509G>T, 529G>T, 590A>T in intron 1, and 2226A>G in intron 2. The association of genetic variation with growth traits [body length (BL) and body weight (BW)] was analyzed. Individuals with GG geno-
INTRODUCTION
The oriental river prawn Macrobrachium nipponense (Crustacea; Decapoda; Palaemonidae) is an important commercial prawn species. It is widely distributed in freshwater and low-salinity estuarine regions in China and other Asian countries (Cai and Shokita, 2006; Ventura et al., 2009; Zhang et al., 2011; Hongtuo er al., 2012) . It is known that the males of many Macrobrachium species grow faster and gain more weight at harvest time than females, making male prawns more economically beneficial.
The insulin-like androgenic gland hormone (IAG) gene plays an important role in both male sexual differentiation and growth in crustaceans (Rosen et al., 2010) . IAG is secreted by the androgenic gland, which is an endocrine organ unique to males (Ventura et al., 2011) . The cDNA sequence of IAG has been cloned in several commercially important crustaceans (Manor et al., 2007; Sroyraya et al., 2010; Mareddy et al., 2011; Zhang et al., 2011; Chang et al., 2012; Ma et al., 2013) . However, the distribution of the IAG gene in the tissues of crustaceans differs. In the majority of crustaceans, the IAG gene is exclusively transcribed in the androgenic gland. However, transcripts are also found in the hepatopancreas in Callinectes sapidus (Chung et al., 2011) and Fenneropenaeus chinensis . In vivo silencing of the IAG gene in Macrobrachium rosenbergii, by injecting the prawns with Mr-IAG double-stranded RNA, temporarily prevented the regeneration of male secondary sexual characteristics, accompanied by a lag in molt and a reduction in growth parameters. The reduced growth of Mr-IAG-silenced individuals implied that Mr-IAG may act as a growth regulator (Ventura et al., 2009) . Further study has shown that the IAG gene is closely related to metabolism in M. rosenbergii (Ventura et al., 2012) . IAG may, thus, represent an excellent positional and functional candidate gene for growth traits in crustaceans.
Growth traits are economically important factors in M. nipponense breeding, especially in males. Variations in growth traits have been attributed to different factors, including genetic factors (Wang et al., 2012) . Single nucleotide polymorphisms (SNPs) have been widely used as an important molecular marker associated with traits (Du et al., 2012; Liu et al., 2012; Fu et al., 2013) . However, no SNPs associated with growth traits have yet been identified in M. nipponense.
The purpose of this study was to isolate the full-length genome sequence of the M. nipponense IAG gene by genome walking and to detect SNPs in the IAG gene. We further investigated the association of the SNPs with growth traits, with a view to identifying candidate markers related to growth traits. Owing to inconsistent reports about the tissue distribution of the IAG gene, we investigated the expression level of the IAG gene in different tissues of M. nipponense.
MATERIAL AND METHODS

Experimental materials
Healthy adult oriental river prawns were obtained from Tai Lake in Wuxi, China (120°13ꞌ44ꞌꞌE, 31°28ꞌ22ꞌꞌN). All the samples were transferred to laboratory breeding conditions and maintained in a 500 L tank with aerated freshwater for 72 h before tissue collection. Samples from 10 different tissues (eyestalk, heart, hepatopancreas, androgenic gland, gill, muscle, testis, sperm duct, brain, and nerve cord) were collected and immediately dipped into liquid nitrogen and stored at -80°C. Males (N = 72) used for SNP analysis were from the same family. Body length (BL) and body weight (BW) were recorded for each prawn for association analysis.
Genomic DNA isolation, cDNA synthesis, and bioinformatic analysis Genomic DNA was isolated using the DNA extraction kit (TaKaRa, Japan) according to the manufacturer protocol. Total RNA was extracted from the tissues using RNAiso Plus reagent (TaKaRa, Japan). Total RNA samples were reverse transcribed using AMV reverse transcriptase (TaKaRa) according to the manufacturer protocol, and the reverse transcription (RT)-reaction mixture was used as a template for further analysis. The full-length genome sequence was cloned using a Genome Walker Kit (Clontech, USA), according to the manufacturer protocol. All primers were designed according to the cDNA sequence of M. nipponense (GenBank: JX962354).
The Clustal W software (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was used for alignment of multiple sequences. The promoter was predicted using NNPP version 2.2 (http://www.fruitfly.org/seq_tools/promoter.html), and the CpG island was predicted using MethPrimer-Design Primers for Methylation PCRs (http://www.urogene.org/methprimer/). Transcription factor-binding sites in the promoter sequence of the IAG gene were predicted using TFSEARCH (http://www.cbrc.jp/htbin/nph-tfsearch).
mRNA expression analysis
IAG mRNA expression in various adult tissues was measured by SYBR Green realtime quantitative RT-PCR (qRT-PCR) analysis in a CFX96TM Real-Time System (Bio-Rad, USA). Gene-specific primers (Forward primer: ACCCAGGACCCACCTACATTT; Reverse primer: GCATCTTGTTCGCTTCTCTC) were used to amplify the IAG transcript. β-actin primers (Forward primer: GACGGTCAGGTCATCACCA; Reverse primer: ACGTCGCACT TCATGATGGA) were used to amplify the β-actin fragments, which were used as an internal control. Amplifications were performed on a 96-well plate with a 20 μL reaction volume containing 10 μL 2X SYBR Green Premix Ex Taq (TaKaRa), 0.4 μL of each primer (2 μM), 2 μL template, and 7.2 μL PCR-grade water. The thermal profile for SYBR Green qRT-PCR was 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Diethylpyrocarbonate-water for template placement was used as a negative control. A relative standard curve was constructed using 10-fold serially-diluted cDNA. Each sample was run in triplicate, along with the internal control gene. To ensure that only one PCR product was amplified and detected, dissociation curve analysis of the amplification products was performed at the end of each PCR reaction. The relative copy numbers of IAG mRNAs were calculated according to the 2 -ΔΔC T comparative CT method (Livak and Schmittgen, 2001 ).
SNP primer design and PCR amplification
Comparison of 10 individual DNA sequences using the Clustal W software indicated the same site was identified as a SNP site if the ratio of different bases was greater than 1/4. Based on the genome sequence of the IAG gene (exon 1, intron 1, exon 2, intron 2), four pairs of primers were designed using the Primer 3.0 software ( Table 1 ). The 25-μL reaction mixture contained 50 ng genomic DNA, 0.5 μM of each primer, 1X buffer (including 1.5 mM MgCl 2 ), 200 μM dNTPs, and 0.5 U Taq DNA Polymerase (TaKaRa). The cycling protocol was 10 min at 94°C, 30 cycles at 94°C for 30 s, annealing at melting temperature (Tm) for 30 s, depending on the primer (Table 1) , 72°C for 40 s, with a final extension at 72°C for 10 min. PCR products were electrophoresed on a 1.5% agarose gel. 
SNP genotyping
Four SNP loci detected in the IAG gene were genotyped using PCR-restriction fragment length polymorphism (RFLP). The PCR products were digested with restriction enzymes for 5 h at 37°C in a total volume of 16 µL containing 1X buffer, 5 U enzyme, and 8 µL PCR products. The digested PCR products were separated by 2.0% agarose gel electrophoresis and observed with a gel-imaging system. Each genotype was defined according to its band pattern by analyzing nucleotide changes in the PCR products of different RFLP types corresponding to each genotype.
Statistical analysis
The allelic and genotypic frequencies, genetic indices of observed heterozygosity (H O ), expected heterozygosity (H E ), effective number of alleles (N E ), and polymorphism information contents (PIC) were calculated using the POPGENE software (v3.2). The HardyWeinberg equilibrium of the mutations was determined by χ 2 tests. Correlations between IAG genotypes and growth traits (BL, BW) were analyzed using the generalized linear model procedure with the SPSS 21 software, according to the following statistical linear model:
where, Y ij is the observed value, μ is the overall population mean, G i is the effect of the ith genotype, and E ij is the random error. Linkage disequilibrium (LD) and haplotype analyses were performed using online software (http://analysis.bio-x.cn/myAnalysis.php) (Yong and Lin, 2005; Li et al., 2009 ). Specific parameters were as follows: "Pair-loci D'/r 2 value" and "Haplotype analysis" were selected; Number of sites = 4; Selected sites for haplotype analysis = 1,1,1,1; Default value is 0.03.
RESULTS
Genomic DNA cloning of the M. nipponense IAG gene
The genomic DNA (GenBank: KF811212) consisted of a promoter (1600 bp), exon 1 (27 bp), intron 1 (1795 bp), exon 2 (172 bp), intron 2 (615 bp), exon 3 (113 bp), intron 3 (1193 bp), exon 4 (183 bp), intron 4 (1448 bp), and exon 5 (33 bp) (Figure 1 ). The exonintron splice junctions in IAG followed the GT-AG pattern seen in many eukaryotic genes. Potential transcription factor-binding sites were identified using the TFSEARCH database. These included HSF, GATA-1, GATA-2, and SRY. The promoter element TATA box and CAAT box were found in this sequence. The TATA box sequence was located approximate 30 bp upstream of the transcription start site. A CpG island was located between the TATA box and the first exon region. Similar sequences were also found in the 5ꞌ flanking sequences of F. chinensis . 
mRNA expression analysis
The tissue distribution of the IAG gene was determined using qRT-PCR. The IAG gene was present at high levels in the androgenic gland and at low levels in the hepatopancreas (about 1% of that in the androgenic gland). No expression was detected in other tissues, including the eyestalk, heart, gill, muscle, testis, sperm duct, brain, or nerve cord (Figure 2 ).
SNP identification
Four SNPs were detected. Sequencing analysis revealed that the mutations occurred at positions 509G>T, 529G>T, and 590A>T in intron 1, and 2226A>G in intron 2 of the IAG gene. PCR-RFLP was used to genotype the individuals. According to the sequence vari-ants, the PCR product could be digested with the EcoRV, TaqI, MboI, and AsuII restriction enzymes. Two possible genotypes were defined by two distinct banding patterns at locus 509G>T: TT (a fragment of 355 bp), and GT (168 and 187 bp). Three possible genotypes were defined by three distinct banding patterns at locus 529G>T: TT (a fragment of 419 bp), GT (419, 221, and 198 bp) and GG (221 and 198 bp) . Three possible genotypes were defined by three distinct banding patterns at locus 590A>T: TT (a fragment of 355 bp), AT (355, 124, and 231 bp), and AA (124 and 231 bp). Three possible genotypes were defined by three distinct banding patterns at locus 2226A>G: GG (a fragment of 576 bp), AG (576, 260, and 316 bp), and AA (260 and 316 bp). 
SNP diversity analysis and association with growth traits
The genetic diversity of the family analyzed was evaluated by calculating the genetic indices (H O , H E , N E and PIC) for the four polymorphic loci (Table 2) . H E ranged from 0.3333 to 0.7639, and N E ranged from 1.7643 to 1.9369 at the four loci. According to the PIC classification (PIC ≤ 0.25, low polymorphism; 0.25 < PIC < 0.50, intermediate polymorphism; PIC ≥ 0.50, high polymorphism), 529G>T and 590A>T loci were both highly polymorphic, while the 509G>T locus was classified as showing low polymorphism, and the 2226A>G locus belonged to the intermediate polymorphism category.
The associations of the four IAG mutations in M. nipponense with growth traits represented by BL and BW were analyzed (Table 3) . At locus 2226A>G, prawns with the GG genotype had wider arthromeres (P < 0.01) and heavier BWs than those with the AA and GA genotypes (P < 0.05). There were no significant differences between genotypes at loci 509G>T, 529G>T, and 590A>T (P > 0.05).
Analysis of LD and haplotypes
Linkage disequilibrium between polymorphism pairs and haplotype structure analysis of the IAG gene in M. nipponense populations are shown in Figure 3 and Table  4 . The LD between the four SNPs was estimated (Figure 3. ), which indicated that the Dꞌ values ranged from 0.24 to 0.82; the r 2 values were from 0.01 to 0.68. The D' and r 2 values for the SNP pairs 509G>T and 590A>T (D' = 0.82, r 2 = 0.68), and 509G>T and 2226A>G (D' = 0.80, r 2 = 0.54) were relatively higher than for the other pairs, which implied the SNP pairs 509G>T and 590A>T, and 509G>T and 2226A>G were in strong linkage disequilibrium (r2 > 0.33), and the other pairs exhibited weak LD (r 2 < 0.33). The result of haplotype analysis of four SNPs showed that 11 different haplotypes were identified in these prawns (Table 4 ). The most common haplotypes were H1 (GGAA) and H5 (GTAG), occurring at a frequency of 34.54 and 47.41%, respectively. H8 (TGAG) had the lowest haplotype frequency (0.52%). 
DISCUSSION
Previous studies have confirmed that the androgenic gland plays multiple roles in sexual differentiation, masculinization, courtship behavior, and growth enhancement in crustaceans (Barki et al., 2003; Mareddy et al., 2011; Tropea et al., 2011) . Further studies revealed that these phenomena were regulated by insulin-like peptide hormones encoded by the insulin superfamily gene (Ventura et al., 2009 (Ventura et al., , 2011 . IAG is a member of the insulin superfamily, which has structural similarities to insulin-like growth factors, and which in turn have the potential to enhance growth in many organisms (Duan et al., 2010) . Silencing of the IAG gene in M. rosenbergii by dsRNA reduced the growth rate of male freshwater prawns (Ventura et al., 2009 ). This evidence suggests that the IAG gene may be closely related to growth traits.
Owing to inconsistent reports about the tissue distribution of the IAG gene, we investigated the expression level of the IAG gene in different tissues of M. nipponense. qRT-PCR showed that IAG was present at low levels in the hepatopancreas, similar to results from C. sapidus (Chung et al., 2011) and F. chinensis (Ventura et al., 2012) . However, this result also differed from a previous report (Ma et al., 2013) . The distribution of the IAG gene may be closely related to its biological function. Recently, in C. sapidus (Chung, 2014) , the IAG gene expressed specifically in the hepatopancreas is involved in the metabolism of carbohydrate. It is possible that the IAG gene in the hepatopancreas is associated with growth traits in M. nipponense.
The IAG genomic gene consisted of five exons and four introns, which differed from the IAG gene in F. chinensis, which comprised four exons and three introns . The four identified SNPs were genotyped using PCR-RFLP. No homozygous GG genotype was detected at the 509G>T loci. There are two possible explanations for this finding: 1) the frequency of the G allele may be low as a result of artificial selection, migration, and genetic drift, such that GG individuals are eliminated through natural selection; or 2) the sample size in this study may have been too small to detect GG individuals (Chang et al., 2012) .
H E , H O , N E , and PIC were used as indices to evaluate the genetic variation in the population, where the higher the value of PIC, the greater the level of genetic variation. Moderate or high levels of polymorphism were detected at four loci in M. nipponense. This suggests that genetic polymorphisms are abundant, and may, thus, be suitable for linkage analysis between markers and traits.
The level of heterozygosity can reflect the degree of genetic uniformity. When heterozygosity is low, the degree of genetic uniformity is greater; when heterozygosity is >0.5, the group has not been intensely selected, and has abundant genetic diversity. The heterozygosity of the three loci ranged from 0.5417 to 0.7639 in the study, and can, thus, be further used in genetic selection. The 590A>T locus deviated from the Hardy-Weinberg equilibrium (P < 0.05, χ 2 test). It is possible that this locus maintained its dynamic unbalance through the action of factors, such as natural selection, reproductive isolation, migration, and/or genetic drift.
Haplotypes composed of SNPs provide greater power than single markers for analyzing genetic disease and trait associations because of the ancestral structures captured in the haplotype distributions (Akey et al., 2001) . Notably, the power advantage for haplotype-based methods is the greatest when the marker alleles are not in strong LD with each other (Morris and Kaplan, 2002) . r 2 values >0.33 may indicate sufficiently strong LD to be useful for mapping (Ardlie et al., 2002) . In this study, the SNP pairs 509G>T/590A>T and 509G>T/2226A>G showed strong LD, though LD was low for other pairs (Figure 3 ). Haplotype analysis of the four SNPs using SHEsis identified 11 different haplotypes for IAG. Table 4 shows the 11 haplotypes with frequencies >0.03 (haplotypes with frequency <0.03 were ignored), of which H1 (GGAA) and H5 (GTAG) showed the highest haplotype frequency (34.54 and 47.41%, respectively). High-frequency haplotypes have probably been present in the population for a long time. Consequently, most new mutants are derived from common haplotypes, implying that rare variants represent more recent mutations and are more likely to be related to common haplotypes than to other rare variants (Posada and Crandall, 2001) . In this paper, the rare haplotypes H7 and H8, for example, may stem from common haplotypes H1 and H5.
Although the mechanisms whereby alternative genotypes in intronic SNPs affect growth traits are not understood, the important role of the non-coding portions of genomes has been widely acknowledged. Indeed, several studies have reported that introns are required not only for transcriptional regulation and mRNA stability, but also for the translation and stability of proteins (Beohar and Kawamoto, 1998; Surinya et al., 1998; Ghayor et al., 2000; Ozaki et al., 2002; Tokuhiro et al., 2003) . Furthermore, non-coding RNAs transcribed from intronic regions are known to be involved in different biological processes, such as transcriptional and post-transcriptional control of gene expression (Nakaya et al., 2007) . Mutations within introns could also affect both the splice donor and acceptor sites, or nearby regions and regulatory motifs within introns (Cheong et al., 2006) . It is therefore possible that mutations within the intronic region of the IAG gene may influence growth traits in M. nipponense.
Growth traits are affected by genetic, nutritional, and environmental factors. In this study, all prawns were reared under the same feeding and management conditions. Analysis of the associations between mutations and growth traits showed that locus 2226A>G had a significant effect on BL and BW, whereas there were no significant differences between genotypes at the other three loci. Based on these results, individuals with better performance with the GG genotype at locus 2226A>G could be used to develop new breeds of M. nipponense, and this SNP could be used for molecular marker-assisted selection of growth traits.
We also amplified exons 1 and 2 and identified two SNPs in exon 2 (1924C>G and 2050C>A) with synonymous mutations, ACC/G→Thr in 1924C>G, CTG/A→Leu in 2050C>A. The synonymous mutations may be related to the biological functions of the IAG gene, as IAG plays an important role in sexual differentiation, metabolism, and growth in crustaceans. The implementation of biological function depends on the conserved protein sequence. From an evolutionary standpoint, introns are, thus, under greater selection pressure than exons, and structural or sequence changes in introns may be responsible for functional gene changes in higher animals.
In conclusion, this study provides the first report of a genetic association between IAG gene SNPs and growth traits in M. nipponense. These results strongly suggest that the GG genotype in 2226A>G could be used as a molecular marker for superior growth traits.
